An efficient and useful method for the incorporation of colloidal quantum dots (QDs) into ionic matrices is demonstrated. We prepared three different synthesis methods, which are traditional saturated-salt water, methanol-assisted, and ethanol-assisted methods. The continuous thermal and photonic stress tests indicate that the high temperature, instead of photonic excitation stress, is more detrimental to the illumination capability of the quantum dots. While the traditional saturated-salt water synthesis and methanol-assisted method are quite effective in low temperature and low photon excitation intensity, the quantum dots sealed by the ethanol-assisted method cannot hold under all conditions. An over-1000-h aging test can provide crucial information for the longevity of these quantum dots, and more than 10,000 h of lifetime can be expected.
Introduction
Quantum dots (QDs) or colloidal quantum dots (CQDs) are nano-meter scale particles made of semiconductors. The strong spatial confinement leading to energy level quantization can provide excellent photonic transitions (absorption or emission). Many materials have been demonstrated to have very good photonic properties (such as quantum efficiencies). Among them, the cadmium-based quantum dot is the most studied [1] , and also has the best results in terms of illumination and photon-absorption [2] [3] [4] . Many special traits associated with QDs, like narrow linewidth emission, wide color gamut coverage, and size-dependent emission wavelengths, are very crucial for the next generation of photonic devices [5] [6] [7] [8] . Various research results aimed at optically and electrically pumped CQD light emitting diodes (LEDs) have been published [9] [10] [11] [12] [13] [14] [15] . For electrically pumped CQD devices, the electrons and holes are injected directly into the CQD layer from the electron-transport layer (ETL) and hole-transport layer (HTL). The chemistry and band-alignment between these layers, including the work function of the contact metal, are quite important for the device to succeed. On the other hand, the optically pumped CQD LEDs have the external light source (usually in ultraviolet (UV) or blue) to pump the CQD layer, and the luminescent down-shifting effect (LDS) can help to convert the photons with high energy into the ones with low energy (visible bands).
However, both types of devices suffered from the continuous degradation in luminous intensities caused by the environmental erosion, such as humidity, oxygen, and photonic excitation [16] . In the past, several methods have been proposed to prevent this phenomenon from happening. People used extra shell materials [17] , atomic layer deposited (ALD) dielectric layers [18] , a liquid-type sealed compartment [19] , a silica-sealed matrix [20] , and an embedded ionic crystal [4, [21] [22] [23] [24] . Among them, the use of ionic crystals like sodium chloride (NaCl) and potassium chloride (KCl) was a very attractive way to shield out those environmental factors [24] . The solid formation encapsulates the nanocrystals and the solution-based precipitation can be accommodated for with the available storage format of the colloidal quantum dots (solvent or water). With proper chemical mixtures, the precipitation can be quick and good CQD powders can be provided. Previously, we achieved a prolonged lifetime for CQD embedded in NaCl by recrystallization in the saturated salt water [4, 23] . However, this method usually takes tens of h to completely extract the CQD substances. Faster methods are possible, and many precipitation methods have been applied to realize this scheme, but there is no comparative study on which method is most effective. In this article, we will reveal our results based on different synthesis methods used to generate CQD + NaCl powders, and then we will put all these CQDs into the independent heat and photonic excitation experiments to test the durability of the CQDs. The result shall be useful for the future commercialization of the CQD-related light emitting devices [4, 23] .
Sample Preparation and Experiment
In this work, we used water-soluble CdTe colloidal quantum dots, which emitted 610 nm photons and were capped with carboxylic acid. In these synthesis methods, we tried three different methods in order to seal the CQDs in a core-shell structure, including traditional (or saturated-salt), methanol-assisted, and ethanol-assisted methods [21, 25] . We also attempted to explain the influence of outside impact on these three synthesis methods, which provided high quality QD-salt crystals. The CdTe QDs were purchased from Sigma-Aldrich ® (3050 Spruce St. St. Louis, MO 63103).
For the traditional method, we prepared a supersaturated solution at 30 • C. The solution, which contained 6.88 g of NaCl in 20 mL deionized (DI) water, was warmed to 60 • C, where it was still saturated, and then it was stirred before cooling to 30 • C. The CdTe QDs powders were then added into the water and were poured into the saturated NaCl solution slowly. After 20 h, the CQDs were sealed inside the NaCl crystals and they could be dried for later use.
For the methanol-and ethanol-assisted methods, we used the characteristic of the different solubility between methanol and ethanol for NaCl salt. In methanol-assisted synthesis, we prepared the DI water and the saturated NaCl + CQD solution. Then we injected it into the bottom of methanol solution by dropping pipet. After 15 h, there were crystallization on the surface of the methanol solution. We took them out and dried them.
For the ethanol-assisted method, because of the lower solubility than the methanol solution, the ethanol solvent was poured directly into the NaCl + CQD solution and was followed by fast stirring. The re-crystallization process of the CQD in NaCl took about 2.5 min in the ethanol method. After the synthesis process, we filtered the CQD capped NaCl crystals and then dried them in order use them in our experiment. After the CQD powders were properly manufactured, they were ground into finer grains and mixed with polydimethylsiloxane (PDMS) by the method we described previously [4, 23] . Figure 1 shows the powders under the UV light, which are methanol-assisted, ethanol-assisted, and the traditional method.
In this experiment, we will discuss the effect toward the degradation among these three samples by setting up a continuous heat source, and photonic excitation stress, as shown in Figure 2 . In the temperature-dependent aging test, samples were placed on hotplates under a low-temperature (60 • C) condition and a high-temperature (120 • C) condition. In the photonic excitation intensity test, in the beginning, we placed the CdTe@NaCl with PDMS into the square template and cured it at room temperature. In order to isolate the heat source, the samples were fixed on the glass that was at the distance of 4.65 mm from the blue LED, as shown in Figure 2 . The injection currents of the LED were set to be 20 mA (7.65 mW) and 200 mA (69.6 mW) for low and high intensities. The corresponding photonic power intensities are 62 mW/cm 2 and 568 mW/cm 2 , respectively. In the photonic excitation experiments, the optically pumped CQD LEDs had an external light source (usually in ultraviolet (UV) or blue light) to pump the CQD layer. The luminescent down-shifting effect helped convert the photons with high energy into ones with low energy (visible bands). This CQD layer acted like a phosphor layer in the modern white LED, and thus, no electrical current needed to pass through these nanocrystals. Without current conduction, the design rule of CQD layer became much easier and a proper insulating and protective layer could be developed for the CQD reliability. Figure 3a shows the initial photoluminescence (PL) spectra of the samples by the three synthesis methods. The characteristics of the samples were regularly measured in the computer-controlled PL measurement system, whose schematic diagram is shown in Figure 3b , and the PL system is composed of a Xe lamp, a monochromator, a photomultiplier (PMT), and optical components in order to collect the emitted photons. It was purchased from Princeton Instruments (3660 Quakerbridge Road Trenton, NJ 08619 USA) and the model number is Acton2150. The measurement was calibrated every time with the standard sample with a known PL intensity to make sure the results were consistent over a long period of time.
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Results and Discussion
After all the preparations were finished, the thermal stress and photonic excitation stress tests began. Figure 4 shows the heat effect between different samples. In the thermal stress test, each of the synthesis methods would be under a low temperature (60 °C) and a high temperature (120 °C). For the traditional synthesis method, the low temperature sample remained at 50% after 1948 h, while the high temperature one dropped to 50% in the first 24 h. For the methanol-assisted synthesis method and the ethanol-assisted synthesis method under 60˚C, their extrapolated lifetimes, that are determined as the time spans to degrade to 50% of the initial value (LT50), are 3287 h and 8 h, respectively. For the 120 °C high temperature stress tests, while all three samples dropped below 20% in the first 24 h, the stability of the emission intensities of the CQDs was established and was maintained up to 1638 h.
In photonic excitation endurance tests, as mentioned in the previous section, there are two currents (200 mA and 20 mA) to pump the blue LEDs for the different light intensities. We compared these three synthesis methods under a 20 mA test. The traditional synthesis method and the methanol-assisted samples degraded to 94.98% and 85.89% after 1024 h; however, the ethanolassisted sample dropped rapidly to 15.82%. On the other hand, for the high excitation (200 mA), the traditional salt synthesis and the methanol-assisted samples stayed at 85.73% and 67.74%, and the ethanol-assisted sample decreased to 11.75%, as shown in Figure 5 . For the ethanol samples, both of the current settings caused an immediate reduction in luminous intensities, which showed as 15.8% and 11.7% of the initial values after 200 h of burn-in. The difference between them is that it took a longer time for the low current sample to reach this stabilized but degraded level. Highly stable light emissions can be expected from both the traditional and methanol-assisted methods. By using the same 50% criterion, long lifetimes (23310 h for the traditional method and 14103 h for the methanolassisted method) can be expected from both methods at a 62 mW/cm 2 pumping condition, while the samples prepared by the ethanol method failed within 3 h. Table 1 shows the summarized LT50 values for all samples based on over 1000 h of continuous tests. 
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Micro-Scale Crystal Analysis
After the CQD@NaCl re-crystallization was done and the drying process was finished, we saw that the powders formed in the ethanol-assisted method tended to be finer. The images from Figures 9 (a)-(i) show the crystals under Scanning Electron Microscope (SEM) and optical microscopes. The grain sizes of these three methods are very different. The traditional and methanol-assisted methods had larger, square crystal shapes, usually in the hundreds of microns. However, for the ethanolassisted method, the grain size was limited to 10 or below 50 microns. The sheer size of the crystal and the analysis of the X-ray lead us to believe that the coverage between the ethanol method and others can be quite different. If the same amount of CQDs was dispersed into the saltwater solution, the number of the grains in ethanol solution would be much larger and would cause much more incomplete coverage on the surface of CQDs, thus leading to their eventual degradation.
To look for the micro scale grain size of our NaCl-sealed CQDs, an X-ray diffraction test was carried out. The results could be used as an indicator to judge the crystallization of NaCl in the microscale. The pure NaCl crystals prepared by the same methods were collected for the XRD measurement, and the actual microscopic formation of these NaCl crystals could be obtained the diffraction intensity vs. 2θ plots, which are shown in Figure 11 . For the traditional assisted method, we can see that the peaks are sharper than the other two. In addition, we can get the micro-scale crystal size by the Scherrer Equation:
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, where L is crystallite size, λ is the X-ray wavelength in nanometer, β is full width at half maximum of peak of diffraction peak profile, and K is constant, which equal 0.9. We also modified the Scherrer equation plots lnβ against ln(1/cos θ) in Figure 10 , and got the intercept of a least squares line regression. We can obtain a single value of L through all of the available peaks [28] . For the traditional synthesis method, the methanol synthesis method, and the ethanol synthesis method, the crystallite sizes were about 1.4 m, 3.1 m, and 0.9 m, respectively. The direct interpretation of this outcome can be that the micro grain size seems to be correlated positively to the aging performance of the samples by three methods. 
After the CQD@NaCl re-crystallization was done and the drying process was finished, we saw that the powders formed in the ethanol-assisted method tended to be finer. The images from Figure 9a -i show the crystals under Scanning Electron Microscope (SEM) and optical microscopes. The grain sizes of these three methods are very different. The traditional and methanol-assisted methods had larger, square crystal shapes, usually in the hundreds of microns. However, for the ethanol-assisted method, the grain size was limited to 10 or below 50 microns. The sheer size of the crystal and the analysis of the X-ray lead us to believe that the coverage between the ethanol method and others can be quite different. If the same amount of CQDs was dispersed into the saltwater solution, the number of the grains in ethanol solution would be much larger and would cause much more incomplete coverage on the surface of CQDs, thus leading to their eventual degradation.
To look for the micro scale grain size of our NaCl-sealed CQDs, an X-ray diffraction test was carried out. The results could be used as an indicator to judge the crystallization of NaCl in the micro-scale. The pure NaCl crystals prepared by the same methods were collected for the XRD measurement, and the actual microscopic formation of these NaCl crystals could be obtained the diffraction intensity vs. 2θ plots, which are shown in Figure 10 . For the traditional assisted method, we can see that the peaks are sharper than the other two. In addition, we can get the micro-scale crystal size by the Scherrer Equation:
where L is crystallite size, λ is the X-ray wavelength in nanometer, β is full width at half maximum of peak of diffraction peak profile, and K is constant, which equal 0.9. We also modified the Scherrer equation plots lnβ against ln(1/cos θ) in Figure 11 , and got the intercept of a least squares line regression.
We can obtain a single value of L through all of the available peaks [28] . For the traditional synthesis method, the methanol synthesis method, and the ethanol synthesis method, the crystallite sizes were about 1.4 µm, 3.1 µm, and 0.9 µm, respectively. The direct interpretation of this outcome can be that the micro grain size seems to be correlated positively to the aging performance of the samples by three methods. 
Conclusion
In conclusion, the continuous thermal and photonic stress tests were set up and executed for more than 1000 h to examine the longevity of the CQD luminescent efficiencies under different precipitation methods. The results showed that the temperature factor had a more pronounced impact on CQDs than the high-energy photon exposure did. Among three methods, the traditional saturated-salt method and the methanol-assisted method are preferred, and they preserved the light emission characteristics much better than the ethanol-assisted one. This study can clarify the major failure mechanism when CQDs are integrated into the next generation of a solid-state light source, and this should be useful for process integration in the future.
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